Metallic glasses are a potential and compatible implant candidate for biomedical applications. In the present investigation, a comparative study between novel Zr 55 Co 30 Ti 15 and Cu 60 Zr 20 Ti 20 metallic glasses is carried out to evaluate in vitro biocompatibility using simulated body fluids. The bio-corrosion behavior of Zr-and Cu-based metallic glasses in different types of artificial body fluids such as artificial saliva solution, phosphate-buffered saline solution, artificial blood plasma solution, and Hank's balanced saline solution is evaluated using potentiodynamic polarization studies at a constant body temperature of 310.15 K (37°C). Surface morphology of samples after bio-corrosion experiments was observed by scanning electron microscopy. In vitro cytotoxicity test on glassy alloys were performed using human osteosarcoma cell line as per 10993-5 guidelines from International Organization for Standardization. The comparative study between Zr-and Cu-based glassy alloys provides vital information about the effect of elemental composition on biocompatibility of metallic glasses.
I. INTRODUCTION
NON crystalline nature in metallic glasses gives rise to remarkable combination of physical and chemical properties such as high yield strength, high hardness, excellent corrosion, and wear resistance. Low elastic modulus exhibited by metallic glasses, which inhibits stress shielding effect, is desirable for bio-implant applications. [1] [2] [3] Additionally, metallic glasses possess high strength-to-weight ratios which subsequently result in smaller implants and thus minimize the effect of foreign body response. [4, 5] The chemical and structural homogeneity in metallic glasses and presence of single phase also favor biocompatibility. These properties are promising attributes for bio-implants especially for load-bearing applications. As a result, extensive studies on biological property evaluation of metallic glasses, especially on Zr-based systems are carried out. [6] [7] [8] Ni and Be are known to be cytotoxic and carcinogenic, [9] and the presence of such elements in metallic glasses may decrease the biocompatibility. Thus, the emphasis is on synthesis of glassy alloys that are free from such cytotoxic elements. Accordingly, a series of Ni-and Be-free Zr-based and Mg-based glassy alloys were synthesized and studied for biocompatibility tests. [10] [11] [12] Liu and co-workers [13] [14] [15] [16] [17] [18] developed a series of Ni-free glassy alloys such as Zr-Nb-Cu-Pd-Al, Zr-TiCu-Fe-Al, Zr-Nb-Cu-Fe-Al, and Zr-Co-Al-Ag to study their biocorrosion properties and cytotoxic effects. These Zr-based glassy alloys [13] [14] [15] [16] [17] [18] are reported to exhibit excellent biocorrosion resistance in artificial body fluids in comparison with traditional bio-implant materials such as 316L stainless steel and Ti-6Al-4V alloys. Cell viability in Zr-based glassy alloys is also found to be better than traditional implant materials. Huang et al. [19] reported good corrosion resistance and better cell adhesion morphology of Zr-Cu-Al glassy alloy in comparison with biomedical Ti alloy.
However, Zr-based glassy alloys that are extensively studied for biocompatibility so far have either Cu or Al content [13] [14] [15] [16] [17] [18] [19] in excess and it has been reported that excess of Cu and Al may result in biological toxicity. [20] Thus, we have embarked on synthesis of glassy alloy free from such cytotoxic elements which are common constituents in many metallic glasses. In the present investigation, a novel metallic glass composition Zr 55 Co 30 20 Ti 20 metallic glass has been evaluated in different environmental conditions such as acidic, neutral, and alkaline media. [21] It is important to determine biocompatibility of Cu 60 Zr 20 Ti 20 and hence an attempt has been made in the present research work. In vitro cytotoxicity testing is carried out on both the glassy alloy samples according to 10993-5 specification from ISO using human osteosarcoma (HOS) cell lines. The present work aims to provide an understanding through a detailed study on (i) corrosion resistance and surface morphology analysis in artificial body fluids and (ii) cell viability and cell morphology analysis of Zr 55 Co 30 of 0.04 9 1.07 mm and 0.08 9 2.6 mm, respectively, were produced by melt spinning under argon flow on a Cu wheel with a moderate wheel speed of 20 m/s. X-ray diffraction (XRD) was performed using a PANalytical X'pert-Pro diffractometer with Cu-Ka (k = 0.154 nm) radiation on solid flat melt-spun ribbon surface in reflection mode with a beam size of 12 mm wide 9 5mm long at 40 kV and 40 mA.
The corrosion behavior of Zr 55 Co 30 Ti 15 and Cu 60 Zr 20 Ti 20 glassy ribbon samples is studied in various physiologically relevant environments by electrochemical polarization experiments using a VersaSTAT 3 potentiostat. This test was performed in a three-electrode cell configuration using a saturated calomel reference electrode (SCE) (U SCE = 241 mV) and platinum gage counter electrode. Prior to electrochemical measurements, the specimens were ultrasonically degreased with acetone, rinsed with distilled water, and dried with pulsed air. Tests were conducted in four different artificially simulated body fluid (SBF) conditions, namely, artificial blood plasma solution (ABP, pH 7.4), artificial saliva solution (ASS, pH 6.2), phosphate-buffered saline solution (PBS, pH 7.4), and Hank's balanced saline solution (HBSS, pH 7.4) at a constant temperature maintained at 310.15 K (37°C). The compositions of the electrolytes are listed in Table I . All electrolytes were prepared from analytical reagent-grade chemicals using distilled water. Potentiodynamic polarization experiments were performed at a scan rate of 0.167 mV/s. The working electrode (WE) was exposed only to an area of 1 cm 2 , while the rest of the specimen was embedded in a thermoplastic resin to provide electrical isolation. The WE immersed in test solutions was allowed to attain a stable open circuit potential (~30 min). 500 mL of fresh test solution was used for every potentiodynamic polarization test. The polarization curves were measured at least three times to confirm reproducibility of the data. The surface morphologies of the ribbon samples before and after corrosion were examined using scanning electron microscopy (SEM) in back-scattered (BS) mode using a JEOL JSM-820.
In [22] using HOS cell lines (CRL-1543). In this process, HOS cell lines were first cultured in minimum essential medium (MEM) supplemented with 10 pct fetal bovine serum, 100 U/mL penicillin, and 100 lg/mL streptomycin in a humidified atmosphere of 5 pct CO 2 and 95 pct air at 310.15 K (37°C). The medium extracts were prepared as follows: the meltspun ribbon sample was first immersed in MEM and incubated at 310.15 K (37°C) in a humidified atmo- 
sphere of 5 pct CO 2 and 95 pct air for 72 hour. The samples were removed from MEM medium after 72 hour of incubation, and extracts were then refrigerated at 277.15 K (4°C) before testing. 5000 cells/well were seeded in 96-well plates to measure in vitro cytotoxicity. After 24 hour, the medium was replaced with 200 lL of the extract, and the cells were allowed to grow in a humidified atmosphere with 5 pct CO 2 at 310.15 K (37°C) for 1, 2, 3, and 4 days, respectively. The cell viability was investigated using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay, 20 lL of MTT (5 mg/mL) was added to each well, and plate was incubated for 3 hour at 310.15 K (37°C) in a humid chamber away from light. Medium was removed after 3 hour of incubation, cells were resuspended in 200 lL of dimethyl sulfoxide, and the reading was taken at 550 nm using Tecan Infinite Pro 1000. 50,000 cells/well were seeded in a 6-well plate to analyze cell morphology. Cells were allowed to adhere for 24 hour before the media were replaced by test extract. Cell morphology was analyzed using a Carl Zeiss Axiovert 40 inverted microscope for periods of 1 and 4 days. 
III. RESULTS
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A. Biocorrosion Studies
The corrosion behavior of melt-spun Zr 55 Co 30 Ti 15 and Cu 60 Zr 20 Ti 20 glassy alloys in different artificial SBF solutions is studied using potentiodynamic polarization experiments. Figure 2 Further, to examine surface morphology of sample after corrosion, the glassy alloys were observed using SEM. The SEM image of Zr 55 Co 30 Ti 15 and Cu 60 Zr 20 Ti 20 samples subjected to potentiodynamic polarization measurements in ASS medium are given in Figure 3 However (Figure 5(a) ) confirms that no damage has been caused to sample. The electrolytic ions in the solution only adhere to the surface. The passive film exhibits strong resistance to any type of chemical 20 . The surface morphology observed by SEM is given in Figure 9 . The BS-SEM image of Zr 55 Co 30 Ti 15 in Figure 9 (a) does not show pit formation, while larger pits are clearly observed in Cu 60 Zr 20 Ti 20 ( Figure 9(b) ). Resistance to pit formation in Zr 55 Co 30 Ti 15 alloy can be correlated to the formation of strong passive regions as observed in polarization curve ( Figure 8 ).
The i corr values of some well-known biomaterials such as Ti-6Al-4V, Co-Cr-Mo, and 316L Stainless Steel alloys in PBS media at 310.15 K (37°C) as reported in [23] are found to be 3.9EÀ10, 3.3EÀ10, and 1.24EÀ9 A/cm 2 , respectively. It is interesting to note that Zr 55 Co 30 Ti 15 also exhibits similar lower i corr (7.6EÀ9 A/cm 2 ) value suggesting it to be a potential material for biomedical applications. Further, E corr values of Ti-6Al-4V, Co-Cr-Mo, and 316L Stainless Steel alloys in PBS media at 310.15 K (37°C) [23] are reported as À0.43, À0.44 and À0.22 V, respectively, whereas Zr 55 Co 30 Ti 15 exhibits E corr value of +0.46 V signifying it to be more stable than existing biomaterials.
B. Cytotoxicity Studies
The in vitro cytotoxicity of Zr 55 Co 30 Ti 15 and Cu 60 Zr 20 Ti 20 glassy alloys assessed by evaluating the viability of HOS cells is given in Figure 10 Figure 11 . For comparison, cell morphology of control is given in Figure 11 (Figure 10 ), no major changes in cell morphology were observed. Interestingly, in both the compositions, cell population is found to increase after day 4 of culture, which indicates good cell compatibility over the metallic glass surface. Similar observation is reflected in cell viability results obtained after day 4 of culture.
IV. DISCUSSION
The corrosion behavior of Cu 60 Zr 20 Ti 20 glassy alloy in SBF medium reveals pitting corrosion. On the other hand, Zr 55 Co 30 Ti 15 metallic glass exhibits strong resistance to pit formation in all physiological environments. In general, metallic glasses demonstrate high resistance to localized pitting corrosion owing to their non crystalline structure which lack grain boundaries or surface defects which are preferential sites for corrosion. However, chemical heterogeneities, composition fluctuations, and possible presence of defects in cast sample can act as an initiation point for pitting corrosion. The SBF medium is composed of aggressive compounds ( Table I) involving chloride, phosphate, and sulfate ions, and it is well known that pitting corrosion accelerates in such corrosive atmosphere. Chlorideinduced pitting corrosion is reported to be more aggressive due to the presence of nanocrystallites in glassy matrix. [24, 25] Earlier, transmission electron microscopy analysis on Cu 60 Zr 20 Ti 20 melt-spun ribbon by present authors [26] detected the presence of nanocrystals (~2 to 5 nm) in glassy matrix. The presence of such nanocrystals acts as an initiation site and could be possible reason for pitting corrosion in Cu 60 Zr 20 Ti 20 glassy alloy. The mechanism for pitting corrosion [21] is that chloride ions tend to be preferentially absorbed at the interface between the nanocrystals and glassy matrix. Pits are easily initiated at this interface and thus breaking passive film. Consequently, weak interfacial bond is created between glassy matrix and nanocrystals leading to detachment of former from latter, thereby resulting in pits formation. It is interesting to note that tendency to pit formation is minimized for Cu 60 Zr 20 Ti 20 in PBS medium (Figure 5(b) ) in comparison with ASS, ABP, and HBSS media. This could be due to less number of aggressive ions present in PBS medium (Table I 20 Ti 20 glassy alloy exhibits moderate toxicity on 2nd and 3rd days with cell viability of 65 and 72 pct, respectively, which on 4th day of cell culture increases to 82 pct ( Figure 10) . It is well known that Zr, Ti, and Co are nontoxic metals with good biocompatibility. [28, 29] Although Cu ions are essential nutrient, it is reported [20] that excessive Cu ions may lead to biological toxicity. The Cu ions released due to localized corrosion former in comparison with the latter. Thus, the present study indicates better cell compatibility of Zr 55 Co 30 Ti 15 glassy alloy under adopted physiological test environments.
V. CONCLUSIONS
A novel Zr 55 Co 30 Ti 15 metallic glass is found to exhibit excellent corrosion resistance in SBF conditions with no changes in surface morphology. Although, Cu 60 Zr 20 Ti 20 shows good resistance to corrosion, it is prone to pitting corrosion due to the presence of nanocrystals in glassy matrix. Zr 55 Co 30 Ti 15 also demonstrates low cytotoxic effects and thus can be a promising candidate for biomedical applications.
